We investigate the signal γγ + E / in a high-energy linear e + e − collider, with a view to differentiating between gauge-mediated supersymmetry breaking and the conventional supersymmetric models. Prima facie, there is considerable chance of confusion between the two scenarios if the assumption of gaugino mass unification is relaxed. We show that the use of polarized electron beams enables one to distinguish between the two schemes in most cases. There are some regions in the parameter space where this idea does not work, and we suggest some additional methods of distinction. We also perform an analysis of some signals in the gauge-mediated model, coming from the pair production of the second-lightest neutralino.
Introduction
The search for supersymmetry (SUSY) [1] is intimately connected with the issue of SUSY breaking, since the latter often dictates low-energy phenomenology, based on which search strategies are devised. In recent times, a lot of attention has been focused on theories where SUSY breaking is conveyed to the "visible" sector through the ordinary standard model (SM) gauge interactions. Obviously, one would like to know whether it is possible to distinguish between these SUSY breaking schemes and the more popular ones where gravitational interactions play the decisive role. From a phenomenological point of view, this boils down to a distinction between the experimental signals of the alternative scenarios.
In models with gauge-mediated SUSY breaking (GMSB) [2, 3, 4, 5, 6 ] the supersymmetric partner of the graviton, i.e., the gravitino (G) is very light (practically massless compared to the electroweak scale) and is the lightest supersymmetric particle (LSP). The lightest standard model superpartner, which is the LSP in the scenario motivated by minimal supergravity (SUGRA), now becomes the next to lightest supersymmetric particle (NLSP). A natural consequence is that the NLSP can now decay into its supersymmetric partner and a gravitino. If the NLSP is a neutralino and decays inside the detector, then in collider searches one can see signatures of the type γγ + E /, γ + E / etc. [7, 8, 9, 10, 11] , of which the first one is most promising and well studied. This has to be contrasted with the SUGRAbased schemes where the gravitino is as massive as the electroweak scale itself, and the LSP is stable.
A considerable amount of effort has been spent to ensure that the γγ +E / signal for GMSB rises above SM backgrounds [12] . It is, however, equally important to understand whether this signal can ever be mimicked in the conventional minimal SUSY models (henceforth to be described as the MSSM case in this paper), and to suggest effective methods of distinction in such cases.
In this paper, we confine ourselves to high-energy e + e − collision experiments. We argue that the γγ + E / signals may come from the MSSM scenario as well, if we relax the condition of gaugino mass unification at an energy scale ∼ 10 16 GeV. In that case, as has already been shown in the literature [13] , radiative decays of the second lightest neutralino (χ 
The minimal GMSB model -a brief description
The minimal model of gauge-mediated supersymmetry breaking [14] requires a messenger sector consisting of vectorlike quark and lepton superfields which are coupled to a SU(3) × SU(2) × U(1) singlet superfield S, through the superpotential
The fields Ψ and Ψ lie in a complete 5 + 5 representation of SU(5) in order to maintain gauge coupling unification. The scalar (S) and auxiliary (F S ) components of S acquire vacuum expectation values (VEVs) through their interactions with the hidden sector where SUSY is broken dynamically.
These VEVs induce masses for the messenger fields and lift the mass-degeneracy between the messenger fermions and sfermions. The breakdown of SUSY is communicated to the visible world radiatively via the SM gauge interactions. Thus, the observable gauginos and scalars acquire masses at the one-loop and two-loop levels, respectively.
The expressions for the masses of gaugino ( M1 2 ) and scalars (M 0 ) are
at the scale M, where M = λ S and Λ = . M determines the overall scale of the messenger sector; Λ controls particle-sparticle splitting in that sector as well as sparticle masses in the observable sector. The messenger scale threshold functions are given by
In Eq.(3), C i = 0 for all gauge singlets and is equal to for scalars belonging to the fundamental representations of SU (3), SU (2) , and U (1),
is the usual weak hypercharge and k i = 1, 1, 
Analysis of the two-photon signals
The two-photon signal may come from a GMSB scenario where the lightest neutralino (χ
is the NLSP. The production of a pair of such NLSPs, followed by each decaying to a photon and a gravitino, leads to the signal
Detailed calculations on this signal have been performed in many recent works in the contexts of the current hadronic [15] and e + e − colliders [16] as well as the proposed Next Linear
Collider (NLC) [17] . By far the strongest limits on sparticle masses set so far from such signals are those imposed on the lightest chargino and neutralino by the D∅ group [18] :
We begin by reporting a repeat calculation for an e + e − collider at √ s = 500 GeV. The SM backgrounds have been removed here by using the following set of cuts:
where we define M inv as:
The invariant mass cut eliminates the backgrounds from e + e − −→ Zγγ, whereas the p T -cuts take care of events such as e + e − −→ ννγγ through t-channel W exchange. Finally, selecting highly central events by imposing a polar angle cut on each observed photon ensures that the photon is coming from the decay of a heavy particle. GMSB signals are found to survive these cuts to a large extent.
In Fig. 1 , we plot the cross section of γγ events as a function of Λ for a center-ofmass energy 500 GeV, for unpolarized, left-polarized, and right-polarized electron beams, the positrons being unpolarized in each case. Only representative combinations of µ and tanβ is chosen for these graphs. As is clear from the previous sections, the masses of the superparticles increase with Λ; therefore a lower limit on Λ can be inferred from the mass bounds on the charginos and neutralinos. Our numerical study extends from this lower limit to the kinematic limit ofχ 0 1 -pair production. Also, we have used x = 1 2 throughout this study.
The plot clearly shows that the cross section for the right-polarized electron beam is greater than that of unpolarized and left-polarized beam. This is expected because, in this scenario, the right selectron is much lighter than the left selectron, and, as a result, the tchannel contribution for neutralino pair production is larger for right than for left-polarized electron beams. It should be remembered that at high energies (∼ 500 GeV ) the t-channel contribution dominates over the s-channel one. Moreover, the NLSP is dominated by the Bino-component over most of the parameter space.
It has been shown [19] that the channelχ On the other hand, the same two-photon signal can come from the MSSM scenario when pair-producedχ 0 2 's decay radiatively into a photon and an LSP (which isχ 0 1 ). The branching ratio (BR) of this decay can be as large as of the order of 0.9 if one assumes that M 2 and M 1 , the SU(2) and U(1) gaugino masses, respectively, are free parameters [13] . This is tantamount to at least a partial relaxation of gaugino mass unification at a high-energy scale, but is nonetheless a feasible scenario in a model-independent analysis. It has been
shown that in order to have a large BR of this radiative decay, one needs in general µ < 0, tanβ ≥ 1. Further, regions where M 1 ≃ M 2 and tanβ is not much larger than 1 are favored. as dynamical enhancement and is discussed in great detail in Ref. [13] . The other source of large BR comes into play when (mχ0
) ∼ 10 GeV and mχ0
phase-space suppression of the three-body decays. This is called kinematical enhancement.
Taking into account all these effects, we see that the cross section for the γγ + E / signal can be comparable to that coming from the GMSB scenario over a large region of the MSSM parameter space. Tables 1 and 2 show these cross sections for unpolarized as well as left-and right-polarized electron beam. In these tables, we have chosen some representative points in the (M 1 , M 2 ) parameter space where the branching ratio of the radiative decayχ Fig. 1 are present here also. We have taken all the slepton masses to be degenerate and equal to 120 GeV (Table 1 ) and 1 TeV (Table 2) . Here we have shown results that are consistent with the limits on various superparticle masses from the LEP experiments upto √ s = 172 GeV [20] . It should be borne in mind, however, that such limits are based on the assumption of gaugino mass unification and are liable to relaxation once that assumption is withdrawn.
As is evident from these tables, the unpolarized MSSM signal can often pass off as the signal of GMSB. This is especially true in regions close to the kinematic limit ofχ 
the magnitude as well as the sign of A γγ is a clear measure of the sensitivity of the signal to electron polarization. This asymmetry is also tabulated in Tables 1 and 2 . The corresponding asymmetry in GMSB is plotted in Fig. 2 , which is negative everywhere. So, if A γγ is positive then it comes clearly from MSSM scenario. On the other hand, if A γγ is negative then it is not possible to tell whether the signal comes from GMSB or from MSSM.
We, therefore, are led to the conclusion that polarized beams do not solve the problem completely, and we are forced to devise some other method of separating the two scenarios.
One rather elegant way is to see the combined energy distributions
of the two emitted photons in those particular cases where A γγ is negative. (Such distributions have earlier been used [21] to eliminate SM backgrounds.) These energy distributions are plotted in Fig. 3 for unpolarized electron beam. In the case of GMSB, this energy distribution is peaked at a point ∼ 250 GeV (
) and wider in comparison to the MSSM case, where it is sharply peaked at a point much lower than 250 GeV. These behaviors can be explained in the following manner. In the GMSB case,χ 0 1 decays into two massless particles. So, the sum of the two photon energies must be peaked at about a point ) and a soft photon. The combined photon energy in this case will be peaked at a point much lower than 250 GeV. The distributions in the two cases have been plotted for comparable values of the total cross section. The spread in the energy distribution mainly depends on the product of the velocity of the decaying particle and the energy of the photon, both measured in the laboratory frame. This feature is reflected in Fig. 3 . Thus by looking at the combined energy distributions of the two photons one can readily tell whether the signal comes from GMSB or from the conventional SUSY scenario.
4 Pair-production ofχ 0 2
In the last section, we have seen that the γγ + E / signal can as well come from MSSM, and that careful analysis is required if one really wants to distinguish between the two pictures through the observation of such events. On the other hand, one can study other possible signals of GMSB and try to analyse whether there are sources which can mimic these. One such signal is e + e − −→ẽ Rẽ * R −→ l + l − γγ + E / via aχ 0 1 which is the NLSP. This process has already been studied in several works [22] . The same signal can also come from MSSM through the cascade decays of a pair of sleptons. It can be large enough in the regions of the parameter space where radiative decay ofχ 0 2 is dominant. In GMSB, the contribution comes mainly from a right-polarized electron beam via the production of right sleptons, giving rise to a negative asymmetry similar to the one defined in the last section. In the MSSM scenario too, the contributions from right sleptons can be greater than those from left sleptons whenχ 0 2 is dominated by the Bino component andχ 0 1 is mainly a Higgsino. Here also the asymmetry parameter will be negative. Thus there is a possibility that the above signal also can fake GMSB.
In view of the above, it is desirable to explore further tests of GMSB which are unlikely to be faked by an MSSM scenario. Here we give a brief account of some such signals arising from pair-producedχ 0 2 in an e + e − collider with √ s = 500 GeV. We list below the processes under study, which are governed by the decays ofχ 0 2 [23] , cascading into aχ 0 1 which subsequently goes to a photon and a gravitino:
The intermediate states for the process (1) can be eitherχ
In case of process (3) In Fig. 4 , we see that channel (3) dominates over the others for higher values of Λ due to the production of real Z. Conversely, channel (1) For example, the jj γγ + E / signal can come from the following process:
where, the intermediate states areχ 
Summary and Conclusions
We have considered the effect of the dominant radiative decay of second lightest neutralino In distinguishing between the two scenarios, we see that the idea of polarization asymmetry is an useful tool. This is actually a measure of sensitivity of the signal to electron polarization. This idea is helpful in separating the two SUSY breaking schemes over a wide region of the MSSM parameter space. Also, one can use the combined energy distributions of the emitted photons for unpolarized electron beam for a clear distinction between the two scenarios, particularly when the polarization asymmetry is of similar nature for both of them.
In addition we have also studied the signals coming from the next-to-lightest neutralino pairs in GMSB. The signals are considerably free from standard model backgrounds, and contributions from MSSM are generally suppressed. We conclude that such signals can also be useful for the confirmation of GMSB in the parameter range upto Λ ≈ 85 TeV. Table 1 Sample values of the cross-sections for e + e − −→ γγ + E /, and the asymmetry parameter in MSSM, for µ = −M Z , tanβ = 1.2, mẽ = 120 GeV, mq = 300 GeV. √ s = 500 GeV. Table 2 Sample values of the cross-sections for e + e − −→ γγ + E /, and the asymmetry parameter in MSSM, for µ = −M Z , tanβ = 1.2, mẽ = 1000 GeV, mq = 1000 GeV. √ s = 500 GeV. 
